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ABSTRACT 

An exteneivfi cxperi«ontal investigation was made 
to determine the effect of varying the rotor tip 
clearance of a 12* 77-centimeter-tip diameter, olncle-- 
stage, axial- flow reaction turbine. In this inveoti- 
gation, the rotor tip clearance waa obtained by use 
of Q receoc in the caslnc above the rotor blades and 
alco by use of a reduced blade height. For the re- 
cessed casing configuration j the optimum rotor blade 
height was found to be the one where the rotor tip 
diameter was equal to the stator tip diameter. The 
tip clearance loss associated with this optimum re- 
cessed casing configuration was less than that for 
the reduced blade height configuration. 

INTRODUCTION 

Advanced small turboshaft engines in the 1.00- 
to 4. 50-Kilo graro-per-BGCond, 250- to 1100-KlloWatt 
class are being designed to operate at cycle pressure 
ratios of 10 to 1 or higher, with turbine inlet tem- 
peratures as high as 1550 K. The high coir^reosor 
pressure ratio, together with the small mass flow, 
results in a turbine design with a small annulus area, 
and, therefore, a small blade height. 

With small blade height turbines, geometric sim- 
ilarity with larger turbines becomes difficult to 
maintain. For example, rotor tip clearances of about 
1 to 1,5 percent of the rotor blade height are common- 
ly used in larger turbines. Use of this came tip 
clearance percentage in a small turbine would require 
an actual tip clearance of about 0.013 centimeter. 

This small clearance is generally not practical in 
these small turbines because of manufacturing and en- 
gine buildup tolerance limits, as well as thermal 


growth and rotor dynamics considerations, particularly 
during engine startup and shutdown. As e result, 
rotor tip clearances of about 2.5 percent of the rotor 
blade height are required. Because it Ic necessary to 
operate with large tip clearance ratios, the tip clear- 
ance loDsec ere more severe. To help understand these 
loss offecto, Q determination of the penalty assodi- 
nted with varying the radial cleai'ance is required. 

Over tho pact 15 years, several Inveotl gat ions 
have been conducted at the NASA Lewis Research Center 
to determine the rotor tip clearance penalty for vari- 
ous turbine designs. The results from four of these 
Invectlgations are discussed in references 1 to N, 

Uince the previous tip clearance Investigations with 
turbines having high levels of tip reaction (refs. 2 
and 3) were conducted only with reduced blade height 
configurations, a decision was made to conduct an ex- 
perimental investigation to determine the tip clear- 
ance losses associated with both reduced blade height 
and recessed casing configurations for a turbine hav- 
ing a level of tip reaction of about O.p, 

This paper summarizes the results of an experi- 
mental investigation (ref. 6) to evaluate the effect 
of varying the rotor tip clearance of a 12.77- 
centimeter-tip-diojneter, single-stage, axial- flow tur- 
bine. This turbine was the conl*igm*ation used in ref- 
erence 5 and had a value of tip reaction of 0.890. 

In this investigation, the rotor tip clearance was ob- 
tained by use of a recess in the casing over the rotor 
blade and also by use of a reduced blade height. The 
effect of tip clearance on performance is presented in 
tenns of efficiency, rotor reaction, and rotor exit 
absolute flow angle* In addition, the effect of clear- 
ance on efficiency for the subject turbine Is compared 
to the experimental res\ilti3 from the turbines of ref- 
erences 1 to 
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change in abcolute tangential velocity, m/oec 

W relative gac velocity, m/cce 

a absolute gas flov angle measured from axial 

direction, deg 

0 relative gao flow angle meaoured from axial 

direction, deg 

n Qtatic efficiency (bused on otator inlet- 

total to rotor exit-static preocuro ratio) 

n* total efficiency (based on stator inlet- 

total to rotor exit-total pz'esDure ratio) 

Sub scrip to ! 

cr condition correcpondlng to Mach number of 
unity 

t tip 

0 zero rotor tip clearance 

1 station at turbine inlet (fig* 5) 

2 station at stator exit (fig. 5) 

3 station at rotor exit (fig. 5) 

k station at turbine exit (fig. 5) 

Superscripts : 

• absolute total state 

TURBIIIE DESCRIPTION 

The turbine used In this experimental investiga- 
tion was a single-stage, axial- flow tui’bine designed 
to drive a two-stage, 10-to-l pressure ratio compress- 
or with a mass flow of 0.907 kilogram per second, a 
rotative speed of 70,000 rpm, and a t\irbine inlet 
temperature of 1I478 fC. A Hat of both the engine de- 
sign conditions and the equivalent design conditions 
for this turbine are presented in table I* The tur- 
bine was designed with both the stator and rotor 
blading being untwisted and xmt ape red. Table II lists 
soffA2 of the physical parameters for this turbine. An 
aspect ratio of 1.00 was selected. The solidities 
were 1.6l and 1.70 for the stator and rotor, respec- 
tively, at the mean section. There were 5^ stator 
blades and 59 rotor blades. 


The apparatus used In this investigation con- 
Gicted of the subject turbine, an airbrake dynamometer 
used tc absorb and measure the power output of the 
turbine, an inlet and exhaust piping system Including 
flow controls, and appropriate instrumentation* A 
schematic of the experimental equipment and inotriunent 
measuring stations la shown in figure A cross- 
sectional view of the turbine is shown in figure 5* 

Instrumentation at the turbine inlet (station l) 
measured static pressure and total temperature* 

Static pressures were obtained from eight taps with 
four on the inner wall and four on the outer wall. 

The inner and outer taps were located opposite ecch 
other at 90 intervals around the circumference at a 
distance approximately two axial chord lengths up- 
atreom of the stator. The temperature was measured 
with three thermocouple rakes, each containing three 
thermocouples at the area center radii of three equal 
annular areas. 

At station 2, two static pressure taps were lo- 
cated 180^ apart on the outer wall. 

At station 3 1 approximately three axial chord 
lengths downstream of the rotor, the static pressure, 
total pressui'e, total tcmporatm*e , and flow angle were 
measured, The static pressure was measured with eight 
taps with foiu* each on the inner and outer walls. 

These inner and outer wall taps were located opposite 
each other at 90 intervals around the circumference* 

A self-aligning probe was used for measurement of 
total pressure, total temperature, and flow angle* 

There were four total temperature rakes, each 
containing three themocouples , at station located 
about 16 axial chord lengths downstream from the rotor 
exit. Temperatures from these rakes were used to cal- 
culate a turbine temperature efficiency. This effi- 
ciency was used to check the tui'bine torque efficiency 
as calculated from torque, speed, and mass flow mea- 
surements* The difference in the temperature and 
torque efficiencies was within 1 percentage point. 
Torque efficiency is presented in this report. 

Tiie rotational speed of the turbine was measured 
with an electronic counter in conjunction with a mag- 
netic pickup and a shaft-mounted gear. Itoss flow was 
measured with a calibrated critical flow nozzle. An 
airbrake dynamometer absorbed the power output of the 
turbine. Torque was measured by the airbrake, which 
was mounted on air trunion bearings. The torque load 
was measured with a commercial strain-gage load cell. 

In this investigation, the rotor tip clearance 
was obtained by use of a recess in the casing over the 
rotor blades and also by use of a reduced blade height. 
, Figure 6 shows a schematic of these two conflgui*ations. 
The recessed casing configuration was tested with a 
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caxlcuG rotor ‘blade extenoicn into the receoc of atout 
0*03i? Cfjntinetcri or 3*28 percent of the otator blade 
height. The rotor blade extenoicn Vtto then reduced 
in four incremento of about 0,008 centimeter each un«- 
tii the rotor tip di tune ter vao equal to the stator 
tip diOKOter, For each value Of rotor blade exten- 
oion» perrormunce data were taken at four valueo of 
rotor tip clearance between 2»0 and 5.0 percent of the 
otator blade height. The tip clearance van varied by 
varying the caoing receoe depth. In thlo paper, the 
term ^^rotor blade extenoicn*' will refer to the per- 
cent, relative to the otator blade height, that the 
rotor blade tip radluo lo extended beyond the otator 
blade tip radiuo, 

The reduced blade height configuration was teoted 
with the cQoing diameter set equal to the otator tip 
diometor and the rotor tip diameter machined to attain 
the deolred tip clearance. In this part of the invec- 
tigation, a total of three rotor tip clearanceo were 
teoted over a range of about 2,0 to J.O percent of 
the 0 tutor blade height. 

All teots were conducted at design equivalent 
speed with nominal turbine inlet conditlono of 6*27 
nevtono per square centimeter and 320 K. In thlo re- 
port, the turbine wao rated on the baoio of both total 
and static efficiency. The total presoureo used In 
determining thcoc efficiencies were calculated from 
maos flow, static preosure, total temperature, and 
flow angle. 

RESULTS AND DISCUSSION 
Turbine Efficiency 

Figure 7 ohovd the change in total efficiency 
with rotor blade extension for llneo of constant 
rotor tip clearance. This data is at the design total 
preooure ratio. Thio figure was obtained from a crosc- 
plot of efficiency and tip clearance for llneo of con- 
stant rotor blade extension. The changes in total 
efficiency shown in this figure are referenced to an 
efficiency obtained by extrapolating the zero blade 
extension data to zero rotor tip clearance. The 
dotted lineo ohown for zero and 1-percent rotor tip 
clearance were extrapolated from the measured data. 

Figure 7 indicates a trend of decreaoing effi- 
ciency with increasing rotor tip clearance i*or a con- 
stant rotor blade extension. The efficiency also de- 
creases with increasing rotor blade extension for a 
constant tip clearance. In addition, the slope of 
the lines of constant rotor tip clearance increase 
with increasing rotor tip clearance. The optimum 
blade height with the recessed casing configuration 
was the one where the rotor blade tip diameter was 
equal to the atator tip diameter (zero blade exten- 
sion). For this optimum blade height there was an 
approximate 1.5 percent decrease in total efficiency 
for an increase in tip clearance of 1 percent of sta- 
tor blade height. 

For a blade extension of 3. 5 percent of the sta- 
tor blade height, there was an appi'oximate 2,0 percent 
decrease in total efficiency for an increase in tip 
clearance of 1 percent of stator blade height. This 
one-third increase in loss with amount of blade ex- 
tension was attributed to pumping and windage losses 
that occurred due to the extended portion of the rotor 
blade rotating in a region of relatively low momentum 
fluid. 

At zero rotor tip clearance there was an approxi- 
mate 0.3 percent decrease in total efficiency for a 
change in rotor blade eXtenaicn equal to 1 percent of 
the stator blade height. For the some change in rotor 


blade extenclon at a rotor tip clearance of 5 percent, 
thin efficiency lose increased to about 1.0 percent. 

Figure 8 obowc the change in total efficiency 
with rotor tip cloaranco for the reduced blade height 
configuration. This data in aloo at the denitTi total 
proDcuro ratio. The dotted line in thlo figure Indi- 
cateo that the data wao extrapolated to zero rotor tip 
clearance. There was an approximate 2.0-percent de- 
crease in total efficiency with an incroaoe in tip 
clearance equal to 1 percent of the otator blade 
height. 

Thie decrease in total efficiency with the re- 
duced blade height configuration was one-third larger 
than that for the optimum recessed casing configura- 
tion. As indicated in reference 1, the factors af- 
fecting turbine work for the reduced blade height con- 
figuration consist of reduced blade area for doing 
turbine work^ blade tip unloading (flow over the rotor 
blade tip from pressure to auction surface), and 
throughflow over the blade tip in the clearance space. 
For the recessed caolng configuration, however, the 
rotor blade height remained constant ac the tip clear- 
ance wac varied. Thus, only the factox^s of blade tip 
unloading and throughflcw over the blade tip affected 
tm’bine work. 

It should be noted that the tip clearance losses 
mentioned previously In the diacussion of figures 7 
and 8 were obtained by linearly extrapolating the data 
from approximately 2. 0 percent rotor tip clearance to 
zero rotor tip clearance, Closer examination of the 
data indicated that the trend in efficiency with tip 
clearance was actually slightly parabolic in nature 
with the efficiency Increase becoming greater as zero 
tip clearance was approached. This trend was also 
noted in the data of refitrences 1 and 2. However, 
since no data was obtained below about 2. 0 percent tip 
clearance, the actual trend in efficiency could not be 
accurately determined. Therefore, a linear curve fit 
of the data was made. 

Rotor Exit Flow Angle 

Figure 9 shows the variation in rotor exit abso- 
lute flew angle for the optimum recessed casing and 
the reduced blade height configuration. This data 
wao obtained from rotor exit radial s\u*veys conducted 
at design total pressure ratio. Both figures 9U) and 
(b) shew a trend of reduced flow turning as the radial 
clearance increased. The largest changes occurred in 
the blade portion between the midspan and the tip, in- 
dicating that a change in tip clearance affects the 
flow conditions over a large portion of the blade. 

As the tip clearance is increased, there Is a greater 
unguided throughflow over the rotor tip and greater 
tip leakage flow over the blade tip from the suction 
to the pressure surface. 

Static Pressure Comnarison 

The tip static pressure variation through the 
turbine at design total pressure ratio for various 
clearances for both the optimum recessed casing and 
the reduced blade height configuration is shown in fig- 
ure 10. For each configuration, the static presstire 
at the turbine inlet and tux'blne exit was set at con- 
stant values for all clearances. Increasing the tip 
clearance resulted in a drop in the static pressure 
measured at the stator exit outer wall taps, and thus, 
the rotor tip reaction decreased- This trend was ex- 
pected since the emount of ungUided flow area over the 
blade tip increased as the tip clearance increased. 
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11 ami ohow the result o cf adult lcr.al 
teste that were cen ducted tu Ihe exTcet 

of chant^inc the axial length cf the rccecced caoing. 
These tdutii wore eenductod at a hlado rccopo oaual to 
1*7 lercent of ctator blade height. Figure 11 nhewa 
a cchenatlc of the two different axial lengths of rc- 
coaaoo touted. For all cf the receooed caoinn con- 
figurational the recocfl extended the entire width of 
the rotor hub (fig. 11(a)). However ♦ for theoo addi- 
tional tcotoi the axial length of the receoo vac re- 
duced to be Plightly greater than the rotor blade 
axial chord length (fig. 11(b)). Thio wao done to 
doterrdne If a ahortor cacing receno would rooult in 
a reduced tip clearance loan. 

Figure 12 the reoultD from this inveotiga- 

ticn. Thece data wore obtained at deoign total prec- 
aure ratio. This figure indicator that there wao 
GCLcntially nc difference in the total efficiency be- 
tween the two cenfiguratieno over the range of rotor 
tip clearance Inveotlgated. 

COmWMCiJll OF HEdUhTS WITH OTHEH TIP CLFAlMilfTE 
IhVECTIGATIOUC 

A ectnpariion of the efficiency loDC with rotor 
tip clearance for variouc tip clearance InveSvigationc 
in ohown in figure 13. The conparloona were mde on 
the basic of otatic efficiency oince thio wqg the 
only efficiency available for reference 1. The effi- 
cleneiea are cxpreoDCd ac a fraction of the efficien- 
cy obtained by extrapolating the data to zero clear- 
ance. The legend indlcatea the type of turbine con- 
figui^aticn (impulce or reaction)? the degree of tip 
reaction, the type of tip clearance configuration 
(chroudod) roceaoed casing or reduced blade height), 
and the efficiency do crease for a change in rotor tip 
clearance e^ual to 1 percent of the ntotor blade 
height. 

Included on thio curve are the shrouded, receooed 
caoing ond reduced blade height configurationo from 
the Dlngle-DtQge impuloe turbine of reference 1, the 
reduced blade height configuraticnc from the c ingle- 
otage reaction turbines of reforoncec ^ and 3, the 
Ghrouded, Irapuloe turbine of reference J*, and the re- 
duced blade height and optimum receooed caoing con- 
flgurationo for the cubject turbine. 

Figure 13 shows that the tip clearance loss var- 
ied from a value of 0.25 for the impulse shrouded 
turbine of reference to a value of <?*9 for the re- 
action turbine of reference 3 having a reduced blade 
height configuration. Two trends a^’e noticeable from 
thio figure. First, for a given level of tip reac- 
tion, the optimum tip clearance configurations from a 
standpoint of having the smallect tip clearance pen- 
alty were the shrouded turbinen, followed by the re- 
cessed casing configurations, and then the reduced 
blade height configurations. Secondly, except for 
the reference 3 turbine, the tip clearance loss in- 
creased with an Increase in the tip reaction for a 
given tip clearance configuration. 

The reason for the much higher tip clearance 
loss for the reference 3 turbine van attributed to 
the mass flow characteristics of the turbine. The 
subject turbine had a choked stator and the mass flow 
remained constant as the tip clearance was changed. 
Similarly, the reference 2 turbine experienced only a 
0,22 percent increase in mass flow for a change in 
tip clearance equal to 1 percent of the stator blade 
height. However, the reference 3 turbine experienced 
a 0.88 percent increase in mass flow for this some 
change in rotor tip clearance* Thus, for this tur- 


bine the rnoc flow through the ctator incroaoed sig- 
nificantly QQ the radial clearance incroaood and thla, 
in turn, resulted in greater changes in the velocity 
diagrams. Therefore, part of the higher Up clearance 
loop for the reference 3 turbine could bo due to det- 
rimental reactlcn and rotor incidence effects. If the 
actual tip clearance locc duo to the factors; of re- 
duced blade area, blade tip unloading , and throughflow 
over the blaue in the clearance space wore to agree 
with the less for the oubject and reference 2 turbinec, 
these incidence and react icn effects would have hod tc 
cause an approximate 1 percent loss in efficiency for 
every chongo In tip clearance oqual to 1 percent cf 
the stator blade height. 

coricLUDirjG bfiiabkg 

The results presented In thio paper chewed two 
foctcro that have to be considered In predicting the 
tip clearance loss for a given design. The tip cloar- 
ance loco variec ever a wide range depending on the 
tip reaction and the type of tip clearance configura- 
tion chosen. In email turbine designs, where the 
level Of tip reaction is generally high and a shrouded 
rotor configuration is not used, the results from this 
paper can be condensed to provide simple expressions 
for the tip clearance loss for reaction turbines hav- 
ing either a reduced blade height or a recessed casing 
configuration. Expressed as a change in efficiency 
from a zqvo tip clearance reference for a change in 
tip clearance equal to 1 percent of the stator blade 
height, thcco looses arc 1*5 and 2.0 for a receooed 
casing and a reduced blade height configuration, re- 
spectively. 
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TADU' I, 'runDiriE sEsrcii coik'Itichd 


Farocetcr 

Fnelno 

Equivalent 

Turbine irJct temperature * 

1I<76 

200. C 

Turbine inlet preiicurof ]l/ca«- 

91.0 

10.1 

MttOD flew ratOi kg/noc 

0.950 

0.21*6 

RutatiVe opced, rpm 

70 000 

31 l*60 

Cpccific worHf J/e 

307. <5 

62. 1 

Toraufij M-m 

39.06 

If. 61, 

rower, kW 

C9C*2 

15.0 

Total to total preooure ratio, 

C.57 

2.77 

Ci/P4 

Total tc ctatic preooure ratio, 

2,92 

3.16 

pi/p3 

Total efficiency, 

0.85’ ' 

0.05 

Work factor, 6Y^/U 

1.67 

1.67 



TABLE II. - TUHBIW DECICII 
rillSlCAL PABAIffiTERS 


Farwaeter 

Stator 

Pot or 

Actual chord, cm 

1.052 

1.05P 

Axial chord, cm 

.721 

. 9^6 

Leading edge radiua, cm 

.051 

.020 

Trailing edge radius, cm 

.010 

.013 

Hadluc, cm 



Hub 

5.331 

5.331 

Mean 

5-057 

5.057 

Tip 

6.383 

6.363 

Blade height, cm 

1.052 

1.052 

Solidity 

1.60 

1.60 

Aspect ratio 

1.00 

l.OC 

Humber of blade o 

56 

59 

Radiua ratio 

.035 

.035 

Blade pitch, cm 

j 

.657 

. 621 * 
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Figure 3. - Schematic of turbine. 


Figure 4 - Experimental equipment. 
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1)1 Reduced blade height. 

Figure ft. - Schematic of tip clearance configurations investi^ted. 
pimensions in cm. I 
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Figure 7. - Change in total efficiency with rotor blade extension 
for lines of constant rotor tip clearance. Data at design 
equivalent speed and design total pressure ratio. 



Total efficiency, fraction of efficiency 
with no clearance 


,1:1-1 
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Figure 8. - Change in total efficiency with rotor tip clearance for the 
reduced blade height configuration. Data at design equ.valent 
speed and design total pressure ratio. 
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Figure 9. - Variation of rotor exit flow angle with radius ratia Ma at 
design equivalent speed and total pressure ratia 
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(a) Long axial recessed clearance. 



(b) Short axial recessed clearance. 

Figure 11. - Schematic of tvuo different axial recessed 
clearance configurations tested. 
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Figure 12. * Comparison of change in total efficiency with rotor tip 
clearance for two different axial recessed clearance configurations. 
Data obtained at design equivalent speed and design total pressure 
ratio. 
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Figure 13. - Effect of rotor tip clearance on performance for various 
turbines. 



